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Insulin production in pancreatic b cells is pre-
dominantly regulated through glucose control
of proinsulin translation. Previously, this was
shown to require sequences within the untrans-
lated regions (UTRs) of the preproinsulin (ppI)
mRNA. Here, those sequences were found to
be sufficient for specific glucose-regulated
proinsulin translation. Furthermore, an element
40–48 bp from the 50 end of the ppI mRNA spe-
cifically bound a factor present in islets of Lang-
erhans. Glucose-responsive factor binding to
this cis-element exhibited temporal and glu-
cose-concentration-dependent patterns that
paralleled proinsulin biosynthesis. Mutating
this cis-element abolished the ability of ppI
mRNA UTRs to confer glucose regulation upon
translation. Like the rat 50UTR, the human ppI
50UTR conferred glucose regulation of transla-
tion. However alternative splicing of the human
50UTR that disrupts the cis-element abolished
glucose-regulated translation. These data indi-
cate that glucose regulation of cis-element/
trans-acting factor interaction is a key compo-
nent of the mechanism by which glucose regu-
lates insulin production.
INTRODUCTION
Insulin secreted from the b cells of the pancreatic islets of
Langerhans plays a central role in controlling glucose
homeostasis. A fundamental feature of the b cells is that
insulin production parallels insulin secretion to maintain
intracellular insulin stores (Rhodes, 2000; Skelly et al.,
1998). Proinsulin biosynthesis is predominantly regulated
through an increase in the rate of the translation of preex-
isting preproinsulin (ppI) mRNA (Itoh and Okamoto, 1980),
most dramatically in response to glucose, and it is only
if glucose levels remain elevated for >6–8 hr that ppICellmRNA levels increase (Ohneda et al., 2000; Tillmar et al.,
2002; Welsh et al., 1985). Glucose stimulation of proinsulin
translation is a rapid response (20 min) that leads to
a >10-fold increase in the rate of proinsulin synthesis
(Itoh and Okamoto, 1980; Permutt, 1974). Glucose has
general effects upon translation in the b cells by upregulat-
ing the activity of general translation initiation factors, the
rate of translational elongation, and signal recognition par-
ticle-mediated effects (Gilligan et al., 1996; Gomez et al.,
2004; Greenman et al., 2005; Guest et al., 1989; Itoh and
Okamoto, 1980; Permutt, 1974; Welsh et al., 1986; Wicks-
teed et al., 2001; Xu et al., 1998). However, the effects of
glucose upon the translation of proinsulin are largely
through specific mechanisms (Itoh and Okamoto, 1980;
Permutt, 1974) that have been shown to require se-
quences in the untranslated regions (UTRs) of the ppI
mRNA, especially the 50UTR (Wicksteed et al., 2001).
Elements such as upstream open reading frames
(uORFs), internal ribosome entry sequences (IRESs), and
cis-elements that specifically bind trans-acting factors
have been shown to regulate the specific translation of
mammalian mRNAs (Gebauer and Hentze, 2004). In addi-
tion, translational control is often associated with long,
highly structured 50UTRs. However, the 50UTR of the ppI
mRNA is not long (60 bp), has modest predicted second-
ary structure (DG =10.8 kcal/mol for the rat II ppImRNA),
and lacks uORFs. Thus, the most likely mechanism by
which glucose could regulate proinsulin translation would
be by controlling the association of a factor with a specific
cis-element in the ppI mRNA 50UTR. Such a mechanism of
translational control is well characterized for the iron-me-
diated regulation of the translation of the iron-chelating
protein ferritin (Rouault and Harford, 2000). A cis-element
in the 50UTR of the ferritin mRNA, known as the iron re-
sponse element (IRE), is presented within a stem-loop
structure and is specifically bound by the iron-regulating
protein (IRP) when iron levels are low to block translation.
As iron levels rise, the IRP binds iron, leading to decreased
affinity for the IRE and a relief of the translational block.
This mechanism inhibits translation at low iron concentra-
tions by preventing ribosomal subunits from binding to the
50 end of the mRNA (Muckenthaler et al., 1998). Although
the ppI 50UTR is predicted to form a stem-loop structureMetabolism 5, 221–227, March 2007 ª2007 Elsevier Inc. 221
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50UTR Element Regulates Proinsulin TranslationFigure 1. The ppI mRNA UTRs Are Sufficient for Glucose Regulation of Translation
(A) Luciferase and proinsulin immunoprecipitated from islets cultured at 2.8 or 11 mM glucose in the presence of [35S]methionine+cysteine. Islets
were either uninfected or infected with adenoviruses expressing Luc or 5Luc3.
(B) Stimulation of luciferase translation at 11 mM glucose relative to 2.8 mM glucose, mean ± SEM; *p < 0.01 by t test (n = 3). Total, total protein
synthesis, mean ± SEM (n = 6).
(C and D) RNA-EMSA analysis of islet complexes formed upon the ppI UTRs.
(C) A complex forms on the ppI mRNA 50UTR (50), but not the 30UTR (30), in the presence (+), but not the absence (), of islet lysate.
(D) Factor/50UTR complex formation is competed with unlabeled 50UTR (50), but less efficiently with the antisense strand of the 50UTR (AS).similar to the 50UTR of the ferritin mRNA (Knight and Doch-
erty, 1991), a cis-element conferring specific translational
control of glucose-induced proinsulin biosynthesis has
not been identified. This study examines whether specific
sequences in the 50UTR of the ppI mRNA act in the glu-
cose control of ppI mRNA translation by a glucose-regu-
lated interaction with an islet factor.
RESULTS
The ppI mRNA UTRs Are Sufficient to Confer
Glucose-Regulated Translation
The ppI mRNA UTRs are necessary for glucose regulation
of ppImRNA translation (Wicksteed et al., 2001). To exam-
ine whether the UTRs are sufficient for the specific transla-
tional response to glucose, the translation of two mRNAs
encoding firefly luciferase was examined. The first, 5Luc3,
carried rat II ppI mRNA UTRs, while the control RNA, Luc,
lacked ppI UTR sequences. Recombinant adenoviruses
were generated to efficiently deliver expression of these
mRNAs to isolated islets of Langerhans. In the absence
of the ppI UTRs (Luc), glucose stimulated luciferase trans-
lation 2.7-fold ± 0.4 (Figure 1B), similar to the effects of
glucose upon total protein synthesis (2.6-fold ± 0.3; Fig-
ure 1B). In the presence of the ppI UTRs (5Luc3), transla-
tion was stimulated significantly more strongly (7.7-fold ±
1.8; p < 0.01; Figure 1B). Thus, ppI UTR sequences are
sufficient to confer glucose regulation upon translation222 Cell Metabolism 5, 221–227, March 2007 ª2007 Elsevier Incand can confer glucose regulation upon the translation of
a heterologously expressed protein in islets of Langerhans.
An Islet Factor Specifically Binds to the ppI mRNA
50UTR
RNA electrophoretic mobility shift assays (RNA-EMSAs)
were used to examine whether the regulation of proinsulin
translation could be due to factors binding to a trans-ele-
ment within the ppI mRNA UTRs. These experiments re-
vealed that a factor binds to the 50UTR but not the 30UTR
(Figure 1C). This binding to the 50UTR could be competed
by excess unlabeled 50UTR, but much less efficiently by
the antisense sequence of the 50UTR (Figure 1D; see
also below). Thus, there is specific binding of an islet factor
to sequences in the 50UTR of the rat II ppI mRNA.
Factor Binding to the ppI mRNA 50UTR Parallels
Regulation of Proinsulin Biosynthesis
To examine whether factor binding to the ppI mRNA
50UTR is regulated with dynamics similar to proinsulin
translation, the time course and glucose response of fac-
tor binding and proinsulin translation were examined in
parallel. In isolated rat islets incubated at glucose concen-
trations from 2.8 to 11 mM, the threshold of glucose-stim-
ulated response of proinsulin translation was between 2.8
and 4.0 mM glucose, reaching a maximum above 8.4 mM
glucose (Figure 2A), as determined previously (Wicksteed
et al., 2001). RNA-EMSAs revealed that factor binding to.
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50UTR Element Regulates Proinsulin TranslationFigure 2. Glucose-Stimulated Islet Factor Binding to the ppI mRNA 50UTR Parallels Glucose Regulation of Proinsulin Translation
Proinsulin biosynthesis ([35S]proinsulin) and factor binding to the ppI 50UTR (RNA-EMSA) were examined in islets incubated in parallel.
(A) Proinsulin biosynthesis and factor binding to the ppI 50UTR are stimulated in parallel across the glucose range 2.8 to 11 mM.
(B) Proinsulin biosynthesis and factor binding to the ppI 50UTR are stimulated at high (H) but not low (L) glucose concentration or by 2-deoxyglucose
(2dOg).
(C) Proinsulin biosynthesis and factor binding to the ppI 50UTR in islets cultured at 11 mM glucose is stimulated by 30 min and increases to 60 min.
(D) Islets were cultured at 11 mM glucose for 30 min, switched to 2.8 mM for 240 min, and then switched back to 11 mM for 15 min. Islets were har-
vested after 15 or 30 min at 11 mM glucose; 60, 120, or 240 min at 2.8 mM glucose; or 15 min at 11 mM glucose for RNA-EMSA analysis or analysis of
proinsulin biosynthesis by pulse labeling for the last 15 min prior to harvesting.the ppI mRNA 50UTR was also glucose responsive, follow-
ing a glucose dose-response curve similar to that for pro-
insulin biosynthesis (Figure 2A). Glucose regulation of pro-
insulin biosynthesis requires the metabolism of glucose
(Alarcon et al., 1993; Ashcroft et al., 1978). To examine
whether the binding of the islet factor to the ppI mRNA
50UTR also requires glucose metabolism, islets were cul-
tured at low or high glucose concentration or at an equiv-
alent concentration of the nonmetabolizable glucose ana-
log 2-deoxyglucose (Figure 2B). Once again, proinsulin
translation and factor binding to the ppI mRNA 50UTR in-
creased in parallel in response to glucose, but inclusion
of 2-deoxyglucose failed to stimulate either process,
showing that glucose metabolism is necessary for the glu-
cose stimulation of factor binding to the ppI 50UTR. To ex-
amine the time course of glucose effects upon proinsulin
biosynthesis and factor binding, islets were stimulated
with 11 mM glucose (Figure 2C). Both proinsulin biosyn-
thesis and factor binding were found to increase by be-
tween 15 and 30 min, showing that proinsulin translation
and factor binding to the ppI 50UTR probe respond to glu-
cose with similar kinetics. The dynamic response to glu-
cose of proinsulin biosynthesis and factor binding to the
50UTR of the ppI mRNA were examined in islets switched
between high-glucose and low-glucose culture conditions
(Figure 2D). At 11 mM glucose, both proinsulin translation
and factor binding were stimulated. One hour after reduc-
ing glucose levels to 2.8 mM, both proinsulin translation
and factor binding were at basal levels, which were main-
tained while islets were at 2.8 mM glucose (240 min). Rais-
ing glucose to 11 mM again stimulated both proinsulin
translation and factor binding within 15 min.CeLocalization of the Region within the ppI mRNA
50UTR that Is Bound by the Islet Factor
To identify the specific sequences within the ppI mRNA
50UTR that bind the factor, unlabeled RNA fragments cor-
responding to regions within the 50UTR were used to com-
pete for factor binding to the [32P]UTP-labeled ppI 50UTR
(Figure 3A). Factor binding to the 50UTR was competed
with unlabeled excess full-length 50UTR (Figure 3B) and
by the 7–48 and 40–60 fragments, but not by the cap-
proximal 1–25 fragment, indicating that the factor binds
in the 40–48 region.
Using a slightly different approach, full-length ppI 50UTR
fragments were generated in which specific regions were
mutated by conversion to the antisense sequence (Fig-
ures 3A and 3C). Once again, factor binding to the
50UTR was competed by unlabeled 50UTR. Mutation of
bases 1–25 or 22–41 of the ppI 50UTR did not affect the
ability of the RNA fragment to compete for factor binding,
indicating that these regions are not involved in factor
binding. However, mutation of bases 40–59 and 40–48
abolished the ability of the fragments to compete for factor
binding.
These results (Figures 3B and 3C) show that a factor
present in the islet lysates binds specifically to a cis-ele-
ment that lies 40–48 bases from the 50 end of the ppI
mRNA.
Mutation of the cis-Element within the ppI
mRNA 50UTR Abolishes Glucose-Regulated
Translational Control
To test whether the region 40–48 bp from the 50 end of
ppI mRNA is a cis-element involved in the glucosell Metabolism 5, 221–227, March 2007 ª2007 Elsevier Inc. 223
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50UTR Element Regulates Proinsulin TranslationFigure 3. A cis-Element Lies 40–48 bp from the 50 End of the ppI mRNA
RNA-EMSA analysis of complex formation on the [32P]UTP-labeled ppImRNA 50UTR competed with excess unlabeled RNA fragments corresponding
to regions of the ppI 50UTR.
(A) Sequence of in vitro transcribed RNAs used to map the factor binding element in the rat II ppImRNA 50UTR. Underlined bases are changes from the
wild-type 50UTR sequence by conversion to the antisense sequence (A/T, C/G, G/C, T/A), except 50AS, in which the sequence was inverted
and transcribed from the opposite end. ATG start codon is in capital letters.
(B) Factor binding to the [32P]UTP-labeled ppI 50UTR was either uncompeted () or competed using the full-length 50UTR or fragments of the ppI
mRNA 50UTR corresponding to bases 1–25, 7–48, or 40–60.
(C) Factor binding to the [32P]UTP-labeled ppI 50UTR was competed with increasing amounts of 50UTR sequence or mutated versions in which
sequences 1–25, 22–41, 40–59, or 40–48 bases from the 50 end were changed to the antisense sequence (see [A]).regulation of proinsulin biosynthesis, the ppI mRNA
50UTR was mutated at bases 40–48 (540–48asLuc3; Fig-
ure 3A). The translation of an RNA carrying this 50UTR
fused to the luciferase coding region was examined in
response to glucose in conjunction with the Luc and
5Luc3 RNAs described above (Figure 1). Glucose-stim-
ulated luciferase translation in the presence of the ppI
UTRs was significantly higher than the level of transla-
tion in the absence of the ppI UTRs (5luc3, 4.5-fold ±
1.2 versus Luc, 2.7-fold ± 0.2; p < 0.05; Figures 4A
and 4B). Mutation of the bases 40–48 bp from the 50
end of the ppI mRNA abolished this stimulatory effect
(3.6-fold ± 1.3, Luc versus 540–48asLuc3; p > 0.05; Fig-
ures 4A and 4B), showing that this cis-element is neces-
sary for the translational response to glucose conferred
by the ppI UTRs. We propose that this element be
called the ppI mRNA glucose-responsive translation
element, ppIGE.224 Cell Metabolism 5, 221–227, March 2007 ª2007 Elsevier IncA Splice Variant of the ppI mRNA that Disrupts
the ppIGE Disrupts Glucose-Regulated
Translational Control
Alternative splicing of the human ppI mRNA at a splice site
that lies within the ppIGE results in a higher level of trans-
lation than is observed for the normally spliced mRNA
(Shalev et al., 2002). To analyze the effects of alternative
splicing upon glucose-regulated translation, two RNAs
that encoded luciferase with either the normally spliced
human 50UTR (h5Luc3) or the alternatively spliced human
50UTR (hSV5Luc3) were expressed in rat islets. As shown
above (Figures 1A and 1B and Figures 4A and 4B), in the
absence of ppI UTRs (Luc), the response of luciferase
translation to glucose was similar to that of total protein
synthesis (2.6-fold ± 0.3 versus 1.9-fold ± 0.1; Figure 4D),
while the rat ppI 50UTR (5Luc3) conferred a significantly
stronger response (6.6-fold ± 0.2, 5Luc3 versus Luc; p <
0.001). Translation of luciferase under the control of the.
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50UTR Element Regulates Proinsulin TranslationFigure 4. Mutation of the cis-Element in the ppI mRNA 50UTR Abolishes Glucose Regulation of Translation
(A) Luciferase and proinsulin immunoprecipitated from islets cultured at 2.8 or 11 mM glucose in the presence of [35S]methionine+cysteine. Adeno-
viruses were used to express the Luc, 5Luc3, and 540–48asLuc3 RNAs.
(B) The glucose stimulation of luciferase translation at 11 mM glucose is expressed relative to 2.8 mM glucose as mean ± SEM. *p < 0.05; n/s, not
significant (n = 10–13).
(C) Luciferase immunoprecipitated from islets cultured at 2.8 or 11mM glucose in the presence of [35S]methionine+cysteine. Adenoviruses were used
to express the Luc, 5Luc3, h5Luc3, and hSV5Luc3 RNAs.
(D) The glucose stimulation of luciferase translation at 11 mM glucose is expressed relative to 2.8 mM glucose as mean ± SEM. *p < 0.01; **p < 0.001;
n/s, not significant (n = 4). Total, total protein synthesis, mean ± SEM (n = 16).human ppI mRNA 50UTR (h5Luc3) was also stimulated
significantly more strongly than that of Luc RNA (4.9-fold
± 0.5; p < 0.01), but disruption of the ppIGE by alternative
splicing abolished the glucose-regulated control of lucifer-
ase translation (hSV5Luc3, 2.7-fold ± 0.2), not significantly
different from Luc (p > 0.05) and significantly below the
translation of h5luc3 (p < 0.01).
These data show that both the rat and the human ppI
mRNA 50UTR are able to confer glucose regulation upon
translation in rat islets but that disruption of the ppIGE
by alternative splicing abolishes the glucose regulation
of proinsulin biosynthesis.
DISCUSSION
Proinsulin biosynthesis is specifically regulated in response
to glucose through effects upon the rate of translation of
preexisting ppI mRNA. These effects of glucose are rapid
and specific, leading to a greater than 10-fold increase in
proinsulin synthesis, while total protein synthesis only rises
2-fold (Guest et al., 1989; Itoh and Okamoto, 1980; Per-
mutt, 1974). Previous studies have shown that the initiation
step of mRNA translation is important in the specific effectsCellof glucose upon proinsulin biosynthesis and that the un-
translated regions (especially the 50UTR) are necessary
for this regulation (Wicksteed et al., 2001). The data pre-
sented in this study supports these earlier findings. We
found that a cis-element in the 50UTR of the mRNA specif-
ically bound an islet trans-acting factor in a glucose-regu-
lated manner, that this interaction was regulated in parallel
to the effects of glucose upon proinsulin biosynthesis, and
that mutation of thecis-element through either base substi-
tution or alternative splicing abolished glucose-regulated
ppI mRNA translation. We have named this element the
ppImRNA glucose-responsive translation element, ppIGE.
The presence and evolutionary conservation of a pre-
dicted stem-loop structure within the ppI 50UTR, which
has similarity to a stem loop that lies within the 50UTR of
the ferritin mRNA, has previously led to the proposal that
this structure is involved in the regulation of ppI mRNA
translation (Knight and Docherty, 1991; Rhodes, 2000).
However, the data presented in this study indicate that it
is unlikely that secondary structure within the 50UTR plays
a role in the regulation of translation. The 50UTR mutated
at bases 1–25, which dramatically changes the secondary
structure of the 50UTR fragment, is still able to compete forMetabolism 5, 221–227, March 2007 ª2007 Elsevier Inc. 225
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50UTR Element Regulates Proinsulin Translationfactor binding (Figure 3C). In addition, abbreviated frag-
ments of the 50UTR, 7–48 and 40–60, were also able to
compete (Figure 3B), indicating that the lack of structural
similarity in these molecules to the 50UTR does not affect
the ability of the primary sequence to bind the trans-acting
factor. Thus, it is likely that the ppIGE acts solely through
its primary sequence.
The localization of the ppIGE to the intronic splice site
provides additional support in the identification of this el-
ement. This splice site is conserved throughout known
mammalian ppI sequences, being present in a very similar
sequence and location in rat, mouse, and human ppI
mRNAs (see Table S1 in the Supplemental Data available
with this article online). In addition, mice and rats carry two
ppI genes, one of which contains two introns while the
other contains this single intron within the 50UTR, consis-
tent with this intron having a conserved function. Disrup-
tion of the ppIGE by alternative splicing indicates that
the regulation of proinsulin biosynthesis may be circum-
vented by a naturally occurring process. Indeed, in islets
chronically cultured at 16.7 mM glucose, the alternatively
spliced ppI mRNA was found to be induced 10-fold (Sha-
lev et al., 2002), indicating that proinsulin biosynthesis
may avoid translational regulation to maximize the insulin
production during hyperglycemia. This would maintain
insulin stores in the face of elevated insulin secretion.
Although these data do not fully reveal the mechanism
by which glucose regulates ppI mRNA translation, they
do indicate two possible models. In the first, glucose
would stimulate protein binding to the ppIGE, which would
be expected to inhibit cap-dependent translation initiation
by preventing ribosomes that bind to the 50 end of the mes-
sage from scanning to the initiation codon. Thus, to in-
crease proinsulin translation in response to glucose, the
binding of factor to the ppIGE would create a ‘‘landing
pad’’ for ribosomes, equivalent to an IRES. In the second
model, glucose would reduce the affinity of the factor for
the ppIGE and thereby relieve a translational block that
prevents ribosomes accessing the initiation codon. Al-
though the data from the RNA-EMSAs, where factor bind-
ing to the probe increased in response to glucose, are con-
sistent with the first model, it is not evident whether this
reflects the situation in intact cells or is instead attributable
to the preparation of the islet extracts. Mechanistically, it is
unlikely that the ppIGE resembles an IRES. These gener-
ally lie in long 50UTRs with strong secondary structure
and/or uORFs and promote translation under conditions
that do not favor general (cap-dependent) translation
(Baird et al., 2006). The ppI mRNA carries a 50UTR that is
relatively short, lacks strong structure and uORFs, and is
translated when general translation is strongly stimulated
in response to glucose. Furthermore, under conditions of
low glucose when the factor would not be bound to the
ppIGE, the ppI mRNA 50UTR would be expected to sup-
port active translation. The second model is more concep-
tually attractive, as it better fits known models of transla-
tional regulation of mRNAs, most notably the ferritin
mRNA (Rouault and Harford, 2000). Furthermore, it is con-
sistent with the analysis of the alternatively spliced human226 Cell Metabolism 5, 221–227, March 2007 ª2007 Elsevier Inc50UTR, where disruption of the ppIGE increased the trans-
lation of the mRNA (Shalev et al., 2002), indicating that fac-
tor binding to the ppIGE has an inhibitory effect upon
translation. For the second model, it is possible that the
factor released from the endogenous ppI mRNA at high
glucose is separated from the ER-associated mRNA
when the cell organelles, membranes, and nuclei are pel-
leted at 16,0003 g centrifugation during preparation of the
cytosolic extract. At low glucose, by this model, the factor
would remain associated with the endogenous ER-associ-
atedppImRNA and so would not be present in this extract.
The subsequent incubation of the cytosolic extract with
the radiolabeled ppI 50UTR probe is carried out under con-
ditions that are optimized for factor binding. As such, there
would be a paradoxical glucose-induced increase in bind-
ing to the 50UTR probe reflecting only the free factor in the
cytosol, not that bound to the endogenous ppI mRNA on
the ER. These models provide hypotheses that will be con-
sidered in future studies, especially once the identity of the
ppIGE binding factor is revealed.
In summary, this study has identified a cis-element in the
50UTR of the ppI mRNA (ppIGE) necessary for the specific
glucose regulation of proinsulin translation. The future
identification of the trans-acting factor that binds the ppIGE
will not onlygive further insight into thismechanismbut also
assist in understanding signals that come from glucose
metabolism to control insulin production. The upregulation
of the alternatively spliced human ppI mRNA when b cells
are chronically exposed to high glucose makes it reason-
able to expect that, under conditions of hyperglycemia,
the regulation of proinsulin synthesis is avoided. Therefore,
examinations of cis-element/trans-acting factor interac-
tions are likely to provide important insights into the main-
tenance of insulin stores when these stores are being con-
tinually challenged by hyperglycemia and the changes in
metabolic load that precede the onset of type II diabetes.
EXPERIMENTAL PROCEDURES
Islet Isolation and Culture
Islets of Langerhans were isolated from 200–250 g male Sprague-Daw-
ley rats (Charles River Laboratories) as previously described (Guest
et al., 1989) and cultured for 16–20 hr (with or without adenovirus) in
RPMI with 5.6 mM glucose and 10% fetal bovine serum. This procedure
is described more fully in the Supplemental Experimental Procedures.
Adenovirus Construction
Recombinant adenoviruses construction was performed as described
in the Supplemental Experimental Procedures.
Proinsulin Biosynthesis
Proinsulin biosynthesis was analyzed by [35S]methionine+cysteine
pulse labeling of islets, immunoprecipitation of proinsulin, and gel elec-
trophoresis (Alarcon et al., 2002). This procedure is described in the
Supplemental Experimental Procedures.
RNA Electrophoretic Mobility Shift Assays
Islets were pelleted by centrifugation at 500 3 g for 1 min; resus-
pended in 0.25 M sucrose, 10 mM HEPES, 1 mM phenylmethylsulfonyl
fluoride, 1 mM E64, 1 mM pepstatin A, 1 mM 1-chloro-3-tosylamido-
7-amino-2-heptane, 10 mM leupeptin (pH 7.4) on ice; and lysed by
30 strokes of a Potter homogenizer. Lysate was centrifuged at.
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50UTR Element Regulates Proinsulin Translation16,000 3 g for 20 min, and the supernatant was retained. Samples
were concentrated using Microcon centrifugal filters (molecular weight
cutoff of 10 kDa; Millipore). Extracts were diluted twice with 400 ml 13
RNA binding buffer (150 mM KCl, 5% glycerol, 1 mM EDTA, 50 mM
HEPES, 5 mM dithiothreitol, 1 mM adenosine triphosphate [pH 7.4])
to convert from lysis buffer to RNA binding buffer and reduced to a final
volume30 islets/20 ml. RNA fragments were prepared by in vitro tran-
scription (T7 MEGAshortscript kit, Ambion) using a DNA template of
two hybridized oligonucleotides corresponding to the sense strand
of the T7 RNA polymerase promoter (50-AATTTAATACGACTCACTA
TAGG-30) and the antisense strand of the T7 RNA polymerase pro-
moter plus the antisense strand of the desired RNA molecule. Oligonu-
cleotides were diluted to 9 mM each in 10 mM MgCl2, 10 mM Tris (pH
7.4); heated to 80C; cooled slowly to <35C; and stored at %0C.
Radiolabeled RNA was prepared with 2 ml of the annealed oligonucle-
otide pair, 2 ml of 10 mCi/ml [32P]UTP (3000 Ci/mmol; GE Healthcare),
and unlabeled UTP to a final concentration of 1 mM. [32P]UTP-labeled
RNAs were purified by elution from denaturing gels in 2 M ammonium
acetate, 1% sodium dodecylsulfate, and 1 mg/ml yeast tRNA. Unla-
beled competitor RNAs were made using 4 ml annealed oligonucleo-
tides and 7.5 mM UTP, purified by spin column (Princeton Separations,
Inc.), and used at 10–200 ng/reaction. 1 3 104 cpm of radiolabeled
RNA + 10 mg yeast tRNA (with or without unlabeled competitor
RNAs) were heated at 95C for 5 min and stored on ice. Extracts
from 30 islets per sample with vanadyl ribonucleosides (4 mM) and
RNase inhibitor (2 units/ml) were added. Reactions were incubated at
30C for 30 min, and RNA-protein complexes were resolved by native
gel electrophoresis using 13 Tris-borate-EDTA buffer at 4C for 15 hr.
Dried gels were exposed to phosphorimager screens.
Statistical Analyses
Data are expressed as mean ± SEM. Comparisons were performed by
Student’s t test in Figure 1 and ANOVA using Bonferroni’s multiple
comparison test in Figure 4.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures,
Supplemental References, and one table and can be found with this
article online at http://www.cellmetabolism.org/cgi/content/full/5/3/
221/DC1/.
ACKNOWLEDGMENTS
This work was supported by NIH grant DK56010 (C.J.R.).
Received: November 20, 2006
Revised: February 9, 2007
Accepted: February 16, 2007
Published: March 6, 2007
REFERENCES
Alarcon, C., Lincoln, B., and Rhodes, C.J. (1993). The biosynthesis of
the subtilisin-related proprotein convertase PC3, but no that of the PC2
convertase, is regulated by glucose in parallel to proinsulin biosynthe-
sis in rat pancreatic islets. J. Biol. Chem. 268, 4276–4280.
Alarcon, C., Wicksteed, B., Prentki, M., Corkey, B.E., and Rhodes, C.J.
(2002). Succinate is a preferential metabolic stimulus-coupling signal
for glucose-induced proinsulin biosynthesis translation. Diabetes 51,
2496–2504.
Ashcroft, S.J., Bunce, J., Lowry, M., Hansen, S.E., and Hedeskov, C.J.
(1978). The effect of sugars on (pro)insulin biosynthesis. Biochem. J.
174, 517–526.
Baird, S.D., Turcotte, M., Korneluk, R.G., and Holcik, M. (2006).
Searching for IRES. RNA 12, 1755–1785.
Gebauer, F., and Hentze, M.W. (2004). Molecular mechanisms of
translational control. Nat. Rev. Mol. Cell Biol. 5, 827–835.Cell MGilligan, M., Welsh, G.I., Flynn, A., Bujalska, I., Diggle, T.A., Denton,
R.M., Proud, C.G., and Docherty, K. (1996). Glucose stimulates the
activity of the guanine nucleotide-exchange factor eIF-2B in isolated
rat islets of Langerhans. J. Biol. Chem. 271, 2121–2125.
Gomez, E., Powell, M.L., Greenman, I.C., and Herbert, T.P. (2004). Glu-
cose-stimulated protein synthesis in pancreatic beta-cells parallels an
increase in the availability of the translational ternary complex (eIF2-
GTP.Met-tRNAi) and the dephosphorylation of eIF2 alpha. J. Biol.
Chem. 279, 53937–53946.
Greenman, I.C., Gomez, E., Moore, C.E., and Herbert, T.P. (2005). The
selective recruitment of mRNA to the ER and an increase in initiation
are important for glucose-stimulated proinsulin synthesis in pancreatic
beta-cells. Biochem. J. 391, 291–300.
Guest, P.C., Rhodes, C.J., and Hutton, J.C. (1989). Regulation of the
biosynthesis of insulin-secretory-granule proteins. Co-ordinate trans-
lational control is exerted on some, but not all, granule matrix constit-
uents. Biochem. J. 257, 431–437.
Itoh, N., and Okamoto, H. (1980). Translational control of proinsulin
synthesis by glucose. Nature 283, 100–102.
Knight, S.W., and Docherty, K. (1991). The identification of protein-
RNA interactions within the 50 untranslated region of human preproin-
sulin mRNA. Biochem. Soc. Trans. 19, 120S.
Muckenthaler, M., Gray, N.K., and Hentze, M.W. (1998). IRP-1 binding
to ferritin mRNA prevents the recruitment of the small ribosomal sub-
unit by the cap-binding complex eIF4F. Mol. Cell 2, 383–388.
Ohneda, K., Ee, H., and German, M. (2000). Regulation of insulin gene
transcription. Semin. Cell Dev. Biol. 11, 227–233.
Permutt, M.A. (1974). Effect of glucose on initiation and elongation
rates in isolated rat pancreatic islets. J. Biol. Chem. 249, 2738–2742.
Rhodes, C. (2000). Processing of the insulin molecule. In Diabetes
Mellitus, D. LeRoith, S.I. Taylor, and J.M. Olefsky, eds. (Philadelphia:
Lippincott-Raven Publishers), pp. 20–37.
Rouault, T.A., and Harford, J.B. (2000). Translational control of ferritin
synthesis. In Translational Control of Gene Expression, N. Sonenberg,
J.W.B. Hershey, and M.B. Mathews, eds. (Cold Spring Harbor, NY,
USA: Cold Spring Harbor Laboratory Press), pp. 655–670.
Shalev, A., Blair, P.J., Hoffmann, S.C., Hirshberg, B., Peculis, B.A., and
Harlan, D.M. (2002). A proinsulin gene splice variant with increased
translation efficiency is expressed in human pancreatic islets. Endocri-
nology 143, 2541–2547.
Skelly, R.H., Bollheimer, L.C., Wicksteed, B.L., Corkey, B.E., and Rho-
des, C.J. (1998). A distinct difference in the metabolic stimulus-re-
sponse coupling pathways for regulating proinsulin biosynthesis and
insulin secretion that lies at the level of a requirement for fatty acyl moi-
eties. Biochem. J. 331, 553–561.
Tillmar, L., Carlsson, C., and Welsh, N. (2002). Control of insulin mRNA
stability in rat pancreatic islets. Regulatory role of a 30-untranslated re-
gion pyrimidine-rich sequence. J. Biol. Chem. 277, 1099–1106.
Welsh, M., Nielsen, D.A., MacKrell, A.J., and Steiner, D.F. (1985). Con-
trol of insulin gene expression in pancreatic beta-cells and in an insu-
lin-producing cell line, RIN-5F cells. II. Regulation of insulin mRNA sta-
bility. J. Biol. Chem. 260, 13590–13594.
Welsh, M., Hammer, R.E., Brinster, R.L., and Steiner, D.F. (1986). Stim-
ulation of growth hormone synthesis by glucose in islets of Langerhans
isolated from transgenic mice. J. Biol. Chem. 261, 12915–12917.
Wicksteed, B., Herbert, T.P., Alarcon, C., Lingohr, M.K., Moss, L.G.,
and Rhodes, C.J. (2001). Cooperativity between the preproinsulin
mRNA untranslated regions is necessary for glucose-stimulated trans-
lation. J. Biol. Chem. 276, 22553–22558.
Xu, G., Marshall, C.A., Lin, T.A., Kwon, G., Munivenkatappa, R.B., Hill,
J.R., Lawrence, J.C., Jr., and McDaniel, M.L. (1998). Insulin mediates
glucose-stimulated phosphorylation of PHAS-I by pancreatic beta
cells. An insulin-receptor mechanism for autoregulation of protein syn-
thesis by translation. J. Biol. Chem. 273, 4485–4491.etabolism 5, 221–227, March 2007 ª2007 Elsevier Inc. 227
